ABSTRACT
Neurodegenerative diseases are characterized by the deposition in a variety of tissues of specific proteins as aggregated species that share a distinctive fibrillar or amorphous structure. Although amyloid inclusions (deposits) are predominantly proteinaceous, careful examination of diseases tissues has revealed the presence of a significant quantity of other species, such as nucleic acids and/or polysaccharide species, associated with the inclusions. Recently, both DNA and RNA have been shown to be able to stimulate formation of fibrillar or amorphous aggregates in vitro by alpha-synuclein, tau protein and prion proteins, and to act as a template for accelerating the aggregation of copper/zinc superoxide dismutase. Although the specificity and nature of interactions between diseaselinked proteins and nucleic acids are controversial, the sites of interactions involved should be the positively charged surface motifs on the proteins. This review will mainly highlight the important progress in studies on the nucleic acid-induced structural conversions and aggregation of the proteins linked to neurodegenerative diseases. Thereby, we attempt to understand biological and pathological implications of nucleic acid-induced protein aggregation.
INTRODUCTION
Neurodegenerative diseases such as Alzheimer's disease (AD), Parkinson disease (PD), prion disease, and amyotrophic lateral sclerosis (ALS) are characterized by the deposition in a variety of tissues of specific proteins as aggregated species that share a distinctive fibrillar or amorphous structure (1−3). It has been postulated that environmental conditions enriched with aggregation materials could act as a risk factor for neurodegenerative diseases (4). For example, injection of the recombinant mouse prion protein in the form of amyloid-like fibrils has been reported to cause diseases in mice that express the prion protein (5), indicating the presence of environmental conditions that are able to induce protein aggregation in vivo and in vitro. Although amyloid inclusions (deposits) are predominantly proteinaceous, careful examination of diseases tissues has revealed the presence of a significant quantity of other species, such as nucleic acids and/or polysaccharide species, associated with the inclusions. In the brain tissues from victims of AD, nucleic acids have been detected in neurofibrillary tangles, intracellular inclusions primarily composed of the tau protein, as well as in senile plaques composed of the amyloid-beta peptides (A-beta) (6). Moreover, it has been shown that RNA is able to stimulate the aggregation of tau protein (7, 8) and to induce the conversion of cellular prion protein (PrP C ) to its infectious scrapie form (PrP Sc ) prone to aggregation (9), while DNA can promote formation of fibrillar or amorphous aggregates in vitro by alpha-synuclein and prion proteins (10−12). We have also indicated that DNA is a template for accelerating the aggregation of copper/zinc superoxide dismutase (SOD1) (13). On the other hand, significant interactions in vitro occur between amyloid fibrils and nucleic acids and their relevant species (14). Furthermore, it has been observed that DNA can bind strongly after cell lysis to the amyloid-like Curli fibrils of E. coli (15) , and ATP has been found to promote the formation of fibrils of A-beta peptide and amylin (16, 17).
However, nucleic acids are not the only species found to be associated with amyloid inclusions. The polysaccharide species have also been shown to be associated with the proteinaceous inclusions. The polysaccharides belong to the glycosaminoglycan family and are long unbranched chains of repeating disaccharide units. Among these species, heparan sulfate is the most common, being found in a variety of amyloid disorders including AD, type II diabetes, light chain amyloidosis, and the prion related diseases (18−20). While direct binding of heparan sulfate or heparin, the hypersulfated and negatively charged form of heparan sulfate, to soluble amyloid precursor proteins has been established in many cases, the ability of these polymers to promote fibrillogenesis has been investigated for only a few peptides or proteins, such as the A-beta peptides (21, 22), tau protein (7, 23), alphasynuclein (24), and beta2-microglobulin (25).
The majority of negatively charged species that have been shown so far to be associated with the proteinaceous inclusions in the tissues of patients with amyloid diseases are ubiquitous polyanions including nucleic acid and polysaccharides. Although the degree of specificity and the nature of interactions involved are controversial, the sites of interactions with the polyanionic species should be the positively charged surface motifs on the disease-linked proteins. This review will mainly focus on the important progress in studies on the nucleic acidinduced structural conversions and aggregation of the proteins linked to prion disease, PD, ALS and AD, as well as the interactions of the proteins with nucleic acids. The disease-linked proteins are termed disease proteins here. We also attempt to highlight the forces accelerating aggregation of disease proteins in the presence of nucleic acids, and to understand biological and pathological implications of nucleic acid-induced protein aggregation.
NUCLEIC ACID SEQUESTRATION TO PATHOLOGICAL TISSUES
Although the polypeptide composition in proteinaceous aggregates and/or inclusions has been characterized extensively within neurodegenerative disease brain, few data exist on the nonproteinaceous components of pathological lesions of related neurodegenerative disorders. The localization of cytoplasmic RNA species to neurofibrillary tangles (NFTs) and senile plaques (SPs) was demonstrated within the AD and Down's syndrome (DS) brain by acridine orange (AO) histochemistry (26). AO histofluorescence measurements, in combination with immunohistochemistry and thioflavin S (THS) staining, allowed for the selective delineation of cytoplasmic RNA species in pathological lesions from several neurodegenerative disorders, providing insight into the non-proteinaceous components of these lesions (6). RNA appears to bind to the insoluble filaments of NFTs and SPs, (for example, hyperphosphorylated and paired helical filament tau protein (PHF-tau) in NFTs, and dystrophic neurites and A-beta-containing fibrils in SPs), and this may have functional sequelae for the accumulation and/or deposition of these inclusions. The in vitro studies have shown that the RNA binding facilitates the aggregation of recombinant tau protein into PHFs (7, 8).
To establish whether the entrapment of RNA is a common feature of lesions found in other progressive neurodegenerative disorders or not, Ginsberg et al. used both AO histochemistry alone and in combination with immunohistochemistry and THS staining to probe brain tissues obtained from patients with the following diagnoses: AD (to further assess AO localization to NFTs and SPs by confocal microscopy), ALS/parkinsonismdementia complex of Guam (PDC), corticobasal degeneration (CBD), diffuse Lewy body disease (DLBD), normal age-matched controls (CTR), multiple system atrophy (MSA), PD, Pick's disease (PiD), progressive supranuclear palsy (PSP), and Shy-Drager syndrome (S-D) (6). The assays were performed on tissue sections from selected brain regions for each neurodegenerative disorder based upon the cellular and regional localization of the neuropathology. For example, the hippocampal formation of AD patients was assessed due to the high abundance of NFTs and SPs as well as Hirano bodies (HBs) in this region (6, 27, 28), whereas Lewy bodies (LBs) were assessed within the anterior cingulate cortex of DLBD patients and substantia nigra of PD patients (29, 30) . The data show that although NFTs and neuritic SPs contain AO labeling in all of the neurodegenerative disorders evaluated here, other lesions including LBs and HBs demonstrated little evidence of RNA localization. These observations demonstrate the selective localization of RNA species to distinct pathological lesions of neurodegenerative diseases and may have implications for the design of future studies of the molecular mechanisms leading to the formation of these pathological structures and their role in the onset and progression of human neurodegenerative diseases (6).
TAR-DNA-binding protein-43 (TDP-43) is a relatively unknown RNA-binding protein and predominantly located, under normal conditions, in the nucleus, where it was reported to regulate transcription, alternative splicing, and mRNA stability (31). In vivo and in vitro experiments have showed that TDP-43 interacts with the 3′-UTR of hNFL mRNA, and overexpression of TDP-43 in cell lines stabilizes hNFL transcript (32). The RNA-binding domain of TDP-43 resides close to the Nterminus. Since 2006, the protein was reported to be present in inclusions within the neurons and/or glial cells of a range of neurodegenerative diseases, including AD, ALS, and frontotemporal lobar degeneration (FTLD) with ubiquitin-positive, tau-and alpha-synuclein-negative inclusions (33−37). One common characteristic of the ubiquitinated inclusions (UBIs), mostly cytoplasmic, in the neurons and/or glial cells in the affected CNS regions of FTLD, sporadic ALS and non-SOD1 familial ALS patients is the presence of poly-ubiquitinated TDP-43, phosphorylated TDP-43 and C-terminal fragment (s) of TDP-43, all of which are undetectable in extracts of the normal cells prepared under the same conditions. In fact, the range of occurrence of the TDP-43-positive inclusions among the neurodegenerative diseases is wider than initially thought. More recent immunohistochemical studies have also identified TDP-43-positive inclusions, albeit with much lower frequencies, in the brains of some cases of AD (38, 39) , CBD, dementia with Lewy bodies (DLB) (40, 41) , Guam-PDC (42), Guam-ALS (43) and even hippocampalsclerosis (HpScl) (44). Although variations in the composition of the different forms of TDP-43 polypeptides were found in the inclusions of these different neurodegenerative diseases, these differences probably resulted from the disturbance of certain common cellular pathway (s) in combination with the different clinical and pathological spectra of these diseases. Another interesting question is related to the different cellular locations of the TDP-43-containing aggregates in the different neurodegenerative diseases featuring TDP-43-positive UBIs. For instance, the ubiquitinated and TDP-43-positive inclusions of subtype 4 FTLD are mostly intranuclear, whereas in other subtypes of FTLD, as well as in ALS, these inclusions are mainly located in the cytoplasm (45, 46) . It is not yet clear whether the abnormal distribution of TDP-43 and its derivatives in the different subcellular compartments resulted from malfunctioning of the cytoplasmic processing pathways or the nuclear import and export mechanisms in the diseased cells. In addition, whether the TDP-43-positive inclusions contain the TDP-43 bound nucleic acid molecules or not remains to be investigated.
A BRIEF SURVEY OF AGGREGATION OF DISEASE PROTEINS
A broad range of human diseases arises from the failure of a specific peptide or protein to adopt, or remain in, its native functional conformational state. The largest group of these diseases is associated with the conversion of specific peptides or proteins from their soluble functional state ultimately into highly organized aggregation. These structures are generally described as amyloid fibrils or plaques when they accumulate extracellularly, whereas the term "intracellular inclusions" has been suggested as appropriate when fibrils morphologically and structurally related to extracellular amyloid form inside the cell (1). It is also becoming clear that aggregation species with amyloid characteristics can serve a number of biological functions in living organisms, provided they form under controlled conditions. Perhaps, the most fascinating of these functions lies in the ability of such structures to serve as transmissible genetic traits distinct from DNA genes.
The proteins found as intractable aggregates under pathological conditions do not share any obvious sequence identity or structural homology to each other. Considerable heterogeneity also exists as to secondary structure composition or chain length. Interestingly, some amyloid deposits in vivo and fibrils generated in vitro have both been found to include higher-order assemblies (47, 48) . On the other hand, the polymorphism of protein aggregates is very remarkable. Even before the molecular structures of amyloid fibrils began to emerge, it was clear that significant morphological variation can exist between different aggregates formed from the same peptide or protein (49, 50) . Evidence is now accumulating that such variations in morphology is linked to heterogeneity in molecular structure, i.e., in the structural positioning of the polypeptide chains within the fibrils.
Comparison of the information about the structural properties of various aggregation systems can give us a number of tentative conclusions about their similarities and differences. Different aggregates clearly have many properties in common, including the canonical cross-beta structure and the frequent presence of repetitive hydrophobic or polar interactions along the fibrillar axis. The ubiquitous presence of a cross-beta structure strongly supports the view that the physicochemical properties of the polypeptide chain are the major determinants of the fibrillar structure in each case. Moreover, several of the proposed structures, despite very different sequences of their component polypeptides, suggest that the core region is composed of two to four sheets that interact closely with each other. An interesting feature of these sheets is that they appear to be much less twisted than expected from the analysis of the short arrays of beta-strands that form betasheets in globular protein structures (1). Nevertheless, it is clear that there are significant differences in detail attributable to the influence of the side chains on the structures adopted by the various systems. These appear to include the lengths of the beta-strands and whether they are arranged in a parallel or antiparallel arrangement within each sheet, and the number of beta-sheets in the protofilament.
The structures that will normally be adopted in the aggregates will be the lowest in free energy and the most kinetically accessible. What is clear, therefore, is that the interactions of the various side chains with each other and with environmental conditions are crucial in determining the variations in the aggregate architecture even though the main-chain interactions determine the overall framework within which these variations can occur. In other words, the interactions and environmental conditions involving the side chains in a given sequence can tip the balance between the alternative arrangements of a polypeptide chain in its aggregation structure. Such a situation contrasts with that pertaining to the native structures of the highly selected protein molecules, which are able to fold to unique structures that are significantly more stable for a given sequence than any alternatives (1).
The full elucidation of the aggregation process of a protein requires the identification of all the conformational states and oligomeric structures adopted by the polypeptide chain during the process and the determination of the thermodynamics and kinetics of all the conformational changes that link these different species. This implies characterizing each of the intermediates in molecular detail and identifying the residues or regions of the sequence that results in the various aggregation steps. The identification and characterization of oligomers preceding the formation of well defined aggregates is of particular interest, both because of an increasing awareness that these species are likely to play a critical role in the pathogenesis of protein deposition diseases and because of their likely role in the mechanism of aggregate formation (1).
The protein oligomers prior to appearance of amyloid fibrils have been termed protofibrils, a structured aggregate (51, 52) . Protofibrils from A-beta can bind Congo red (CR) and thioflavin T (THT), contain an extensive beta-sheet structure (53) , and, in the form of the smaller spherical species, are made up of ~ 20 molecules (54) . Analogous spherical and chain-like protofibrillar structures have been observed for many other systems including alpha-synuclein (55) . Both the 40 and 42 residue forms of A-beta have been shown to exist as soluble oligomers in rapid equilibrium with the corresponding monomeric forms. These oligomers preceding fibril and protofibril formation appear to be composed of 2−4 and 5−6 molecules for A-beta1−40 and A-beta1−42, respectively, and circular dichroism (CD) measurements suggest that they are relatively disorganized (56) . Interest in these low-molecular-weight oligomers has been particularly intense as species of this type have also been detected in the brains of AD patients (57) and in the lysates and conditioned media of cultured cells expressing the Abeta protein precursor (58) .
It is widely established that amyloid fibril formation has many characteristics of a "nucleated growth" mechanism. The time course of the conversion of a peptide or protein into its fibrillar form (measured by THT fluorescence, light scattering, or other techniques) typically includes a lag phase that is followed by a rapid exponential growth phase (59, 60) . The lag phase is assumed to be the time required for "nuclei" to form. Once a nucleus is formed, aggregate growth is thought to proceed rapidly by further association of either monomers or oligomers with the nucleus. It has been shown that changes under experimental conditions, or in certain types of mutations, can also reduce or eliminate the length of the lag phase, again assumed to result from a situation wherein nucleation is no longer rate limiting (61) . The absence of a lag phase, therefore, does not necessarily imply that a nucleated growth mechanism is not operating, but it may simply be that the time required for aggregate growth is sufficiently short relative to the nucleation process and that the latter is no longer the slowest step in the conversion of a soluble protein into the amyloid state. Although fibrils do not appear to a significant extent during the lag phase, it is increasingly clear that this stage in aggregate formation is an important event in which a variety of oligomers form, including beta-sheet-rich species that provide nuclei for the formation of mature aggregate.
Aggregation of globular proteins including SOD1 can occur both via partial unfolding and via formation of native-like oligomers. It is generally believed that globular proteins need to unfold, at least partially, to aggregate into amyloid fibrils (62, 63) . It is clear that globular proteins have an increased propensity to aggregate under conditions that promote their partial unfolding, such as high temperature, low pH, mutation, molecular crowding, neutralization of charges, complexation of metal ions, oxidative damage to proteins or moderate concentrations of organic solvents (13, 64−70). There is clear evidence that destabilization of the native structure, resulting in an increase in the population of nonnative states, is the primary mechanism through which natural mutations mediate their pathogenicity (71, 72) . However, recent observations have suggested that in some cases the major conformational change associated with amyloid aggregation may not take place until after the initial aggregation step. Formation of amyloid aggregates by insulin at low pH, e. g., is preceded by an oligomerization step in which a native-like content of alpha-helical structure is almost completely retained, and aggregates with a morphology reminiscent of amyloid protofibrils and with a high content of beta-structure appear only later in the process (73) . The different features between the aggregation processes reveal that polypeptide chains can adopt a multitude of conformational states and interconvert between them on a wide range of timescales. Despite their apparent differences, there are in fact substantial similarities between the fundamental mechanism of aggregation described here for folded proteins and that of natively unfolded systems, such as A-beta. In both cases, the polypeptide molecules assemble first into species that can have characteristics far from those of the final aggregates but similar to those of the precursor structures, whether natively unfolded or natively folded. The initial oligomers then transform into species that are not yet fibrillar in their morphologies but have other properties characteristic of amyloid-like structures, notably beta-sheet structure and binding to CR and THT. Clearly, fully or partially unfolded states of globular proteins are generally more susceptible to aggregation than the native states. Nevertheless, in some situations, particularly those close to physiological, the much higher populations of the latter can result in a consequence that they could play an important role in initiating an aggregation process that might be significant on the very slow timescales of the amyloid disorders (1).
INTERACTION BETWEEN DISEASE PROTEINS AND NUCLEIC ACIDS
Proteins interact with nucleic acids to form nucleic acid-protein complexes that mediate hosts of important cellular processes. Nucleic acid-protein complexes are at heart of many processes that include DNA duplication, recombination and repair, gene transcription and its regulation, pathology, and viral infection. Although the interactions between proteins and nucleic acids are dynamic, and the mechanisms of formation of nucleic acidprotein complexes are different and complex, there is a restricted known set of the structure-function relationships involved. Protein binding of DNA/RNA sequences involves a wide range of contacts including nonpolar, direct, and indirect (water-mediated) hydrogen bonding, hydrophobic and π-π stacking interactions with nucleic acid bases, and direct (for example, electrostatic and van der Waals forces) and water-mediated contacts with the sugar-phosphate backbone of the nucleic acid. Up to date, there are no data that support a simple general mode for protein-nucleic acid recognitions, because the structural motifs including helix-turn-helix and zinc finger modulus contains alpha-helices, beta-sheets and loops. Therefore, the association of a protein molecule with a nucleic acid molecule may be sequence-specific, and also nonsequence-specific.
The interactions between disease proteins susceptible to aggregation and nucleic acids have been reported so far only for a few cases. The question of which nucleic acids (single-or double-stranded RNA or DNA) can serve as the natural partners of disease proteins, and indeed what might be the cellular function of the resulting complex, are targets for future research.
It is well-known that the primary function of SOD1 is to maintain the steady-state concentration of the superoxide anion as an antioxidant enzyme. It has been found that SOD1 involves ALS development, and causes motor neuron death through an as-yet unidentified molecular mechanism (74, 75) . The concomitant presence of SOD1, nucleic acids both in the cytosol raises the possibility of formation of different assemblies between them. In fact, the stable union of SOD1 and DNA has been demonstrated in vitro by the affinity determination of SOD1 for DNA performed with UV-vis absorption titration of calf thymus DNA (ctDNA) with SOD1 and quenching of intrinsic fluorescence by ctDNA. The data show that the apparent affinity (K d ) of SOD1 for DNA is ~ 10 µM at pH 7.4 and 0.5 µM at pH 3.6, respectively, indicating that the affinity is dependent on the solution pH in vitro (13, 76). The calculation of electrostatic potential has revealed some striking positively charged regions over SOD1 surfaces under neutral conditions (77) , suggesting that SOD1 may be a potential DNA-binding enzyme, and the presence of positively charged residue side chain-containing peptide segments could meet the requirement for DNA binding. The nonspecifically electrostatic interaction may occur between the positively charged residues over SOD1 surfaces and the negatively charged DNA backbone. Low pH can result in an increase in the net positive charge on SOD1, strengthening the binding of SOD1 to DNA. The SOD1 bound to DNA shows a nucleolytic activity similar to DNase I in the presence of added divalent metal ions (76, 78) .
PrP is a conserved protein in vertebrates, but its function remains to be identified. Transmissible spongiform encephalopathies (TSEs) are fatal neurodegenerative diseases associated with the accumulation of a protease-resistant form of PrP (79) . PrP can interact with a number of molecules including large nucleic acids and possibly with retroviral RNA (12, 80, 81) . It has been shown that nanomolar affinities are observed for some complexes with DNA or RNA (82) and binding of nucleic acids to PrP C can compete with binding of anilinenaphthalene sulfonate compounds (83) . On the other hand, it has been shown that prions able to infect wild-type hamsters can be formed from a minimal set of components including native PrP C , copurified lipid and poly (A) RNA molecules (84) . A study has also suggested that in a mouse model the scrapie infectious process can be accelerated by MuLV replication (85) . Therefore, the intriguing nucleic acid-binding features of PrP have attracted many research groups' attention (11). The interaction of PrP with retroviral RNA in vitro results in the formation of nucleoprotein complexes that appear to be similar to retroviral nucleocapsid-DNA complexes. Also, PrP can be recovered in association with retroviral particles (86, 87) .
Moreover, ex vivo experiments identified PrP
Sc bound to chromatin in the nuclei of scrapie-infected cells (88) . These findings prompted Gabus and Adler et al. to investigate in details the interactions of human and ovine PrP with viral nucleic acids and compare these interactions with that of the retroviral nucleocapsid proteins (89−91). Gabus et al. used the well-characterized nucleocapsid protein HIV NCp7 and genomic RNA sequence necessary for the synthesis of both viral DNA strands by reverse transcriptase. The results showed the recombinant human PrP closely resembles NCp7 with respect to binding viral DNA with the formation of nucleoprotein complexes in vitro. The DNA-binding property of human PrP appear to map to the N-terminal fragment comprising residues 23 to 144, whereas the C-terminal domain is inactive. These findings suggest that PrP could be involved in nucleic acid metabolism in vivo (89, 90) . On the other hand, Adler et al. demonstrated the formation of highly stable nucleoprotein complexes resistant to both proteinase K and ribonuclease A between a small, highly structured RNA and human recombinant PrP or PrP C from various cell extracts and mammalian brain homogenates under physiological conditions (e.g. 10% bovine calf serum, neutral pH, nanomolar concentrations of RNA and PrP) (91) . This RNA might be used to develop molecular biology assays for the screening of compounds associated with PrP structural transformation or for drugs that inhibit this transformation process.
A promising class of compounds with potentials as research tools and the diagnosis or therapy of neurodegenerative diseases are DNA or RNA aptamers or ligands, small structured polynucleotide sequences that can be isolated by in vitro selection from randomized oligonucleotide libraries and bind to various disease proteins and their aggregates at the various stages. On the one hand, some RNA aptamers have been generated against the disease-associated conformation of PrP (92) and inhibit conversion in vitro of monomer PrP to disease associated PrP Sc (93) . Mercey et al. has demonstrated the fast and reversible nature of PrP interactions with RNA aptamers containing specific sequence patterns (94) . Moreover, the 2′-fluoro-RNA aptamers were observed to have more than 10-fold higher affinity for PrP Sc than for recombinant PrP and to inhibit the accumulation of PrP Sc in a near physiological cell-free conversion assay (95) . The degenerate phosphorothioate oligonucleotides with a potent anti-scrapie activity were also developed (96). Immunization experiments by Kaiser-Schulz et al. indicated that both prophylactic and therapeutic immunization can be achieved using the complex of recombinant tandem PrP with CpG oligonucleotide (97) . On the other hand, DNA aptamers that bind to PrP C but not to PrP Sc show the sequence or structure-dependent selectivity (93, 98) . For example, the interactions of singlestranded DNA thioaptamers with PrP occur on sequencespecific and non-specific binding sites on the PrP (99). The disease-associated DNA-PrP complexes in a wide variety of species and disease phenotypes were found to be specific targets of anti-DNA antibodies and a well established DNA-binding protein (100).
Until recently, although no high-resolution structural data had been obtained for disease proteins complexed to nucleic acids, the low-resolution structure of PrP in the complex with an 18 bp double-stranded DNA, derived from small-angle X-ray scattering (SAXS) and NMR measurements was reported (Figure 1) (11, 101) . The full-length mouse recombinant PrP binds to this DNA sequence with an affinity in the nanomolar range at physiological ionic strength. SAXS studies indicate that the C-terminal globular domain of PrP is important in the formation of the complex, and NMR HSQC spectra reveal changes that are clustered in two major regions: one in the disordered N-terminal portion of PrP and the other in the Cterminal globular domain. Recently, an in silico approach (102) yielded a prediction of the PrP-DNA binding site consistent with the NMR chemical shift perturbation data (101) and supported the idea that the PrP globular domain recognizes DNA mainly through the helix 1 (see Figure 1) . Clearly, higher-resolution structural studies on PrP complexed to nucleic acids are required as the structural description of a PrP-DNA/RNA complex is an important pre-requisite for understanding how oligonucleotides bind PrP and for the design of anti-prion compounds based on nucleic acids.
Nandi et al. has shown that binding of PrP can
induces conformational changes in nucleic acid structures (103) . The fluorescence resonance energy transfer (FRET) experiments performed with oligonucleotides covalently labeled by the energy donor fluorescein and the acceptor rhodamine moieties and the thermal stability measurements of unlabeled oligonucleotides indicated appearance of significant bending and structural destabilization of the oligonucleotides caused by the prion protein (103) . The truncated globular prion protein 121−231 fragment neither induces FRET effect on the oligonucleotides nor destabilizes their structures, indicating that the N-terminal segment of the prion protein is essential for the DNA bending process. Equilibrium binding and kinetics of FRET show that the protein binding to the oligonucleotides and their bending occur simultaneously. The DNA structural changes observed in the presence of the prion protein are similar to those caused by proteins involved in initiation and regulation for protein synthesis. In addition, the prion protein also facilitates DNA strand transfer and acts as a DNA chaperone which is modulated by the N-terminal unstructured basic segment of the protein (89) .
Binding of other disease proteins to nucleic acids has been reported rarely. High-affinity RNA aptamers against A-beta40 were isolated from a combinatorial library of ~10 15 different molecules by systematic evolution of ligands by exponential enrichment (104) . The binding of the RNA to amyloid fibrils with 29−48 nM of K d was confirmed by electron microscopy. The single-stranded RNA molecules have also been found to specifically target to amyloid-like fibrils formed in vitro from beta2-microglobulin, the amyloid fibril protein associated with dialysis-related amyloidosis (105).
NUCLEIC ACID-INDUCED CONFORMATIONAL CONVERSION OF DISEASE PROTEINS
One of the more interesting characteristics about the interactions between PrP and nucleic acids is the finding that some nucleic acids can stimulate the formation or conversion of PrP conformation (9). In fact, several research groups have clearly demonstrated that the interactions of PrP with DNA or RNA can lead to conformational changes both in the protein and in the nucleic acid molecules (82, 91) . In 2001, Silva et al. has demonstrated that the high-affinity binding of some small DNAs to recombinant murine PrP (rPrP23-231) converted it from the alpha-helical conformation (cellular isoform) into the soluble beta-sheet isoform, leading them to first propose the hypothesis of nucleic acid-catalyzed PrP conversion (82) . Accordingly, host nucleic acids might catalyze the conversion between PrP C and PrP Sc by acting as a scaffold and thereby making the protein-protein interactions more likely (106) . Alternatively, the formation of DNA-PrP complexes could lower the free energy barrier of conversions between PrP C and PrP Sc , probably by rearrangement of some structural elements on the protein without necessarily passing through the unfolded state. Both nucleic acid binding and conversion occur simultaneously with a decrease in hydration (101, 107, 108) , which might explain the bypass of the unfolded state. These mutual coupled rearrangements are typical of nucleic acid chaperones (109) . However, Nandi et al. also indicated a partial unfolding of PrP fragment in the presence of nucleic acid by thermal denaturation study, and suggested that nucleic acid catalyzes unfolding of PrP helix 1 followed by a nucleation-dependent polymerization of the protein to amyloid (110).
A model has been proposed for nucleic acidinduced prion propagation (Figure 2) (112) . Using this approach, the authors showed with a preparation containing only native PrP C and co-purified lipid molecules that successful PMCA propagation of PrP Sc molecules in a purified system required accessory polyanion molecules (synthetic RNA). Moreover, the de novo formation of PrP Sc molecules from these defined molecules in the absence of pre-existing prions was observed and inoculation of purified, in vitrogenerated PrP Sc molecules into hamsters caused disease (84) . This work shows that infectious prions can be generated from a minimal set of components including native PrP C molecules, co-purified lipid molecules, and a synthetic NA, stressing the possible role of nucleic acids in PrP Sc generation. The results corroborate the hypothesis that endogenous polyanions (such as nucleic acids) can affect the rate of prion propagation by acting as scaffolds or surfaces that facilitate the interaction between PrP C and PrP Sc molecules. The findings suggest that host-encoded stimulatory RNA molecules may have a role in the pathogenesis of prion disease, and also provide a practical approach to improve the sensitivity of diagnostic techniques based on PrP res amplification.
The reports on nucleic acid-induced structural conversion of other proteins linked to diseases are rare so far. While stable complexes were observed to be formed between SOD1 and DNA, the secondary structures in the SOD1 are not significantly altered, as indicated by CD measurements (13). However, the hydrophobic assays with 8-anilino-1-naphthalene-sulfonic acid (ANS) show that the hydrophobicity of SOD1 is significantly altered upon binding to DNA, suggesting that the tertiary structure of SOD1 is altered to a certain extent. 110, 121, 122 ). In the initial phase of nucleic acid-induced aggregation of murine recombinant PrP C , the globules of ~2-5 nm in diameter were observed, and after long time incubation of murine recombinant PrP C with different nucleic acids, the various morphologies of linear amyloids and spherical structures are obtained (12). Furthermore, human recombinant PrP C was found to be able to bind to nucleic acids in vitro, and the presence of nucleic acids can also induce the aggregation of human recombinant PrP C (103, 123, 124) . Although the precise mechanism of nucleic acid-induced aggregation of PrPs is still not completely understood, it has been proposed that the charge neutralization and hydrophobic association occurred between PrPs and nucleic acids, and structural changes in PrPs and nucleic acids caused by their interactions could contribute to the PrP res aggregate accumulation (Figure 2) (83, 101, 121) . Consequently, these observations lead the authors to propose that, during the process of PrP-nucleic acid interactions, the conversion of PrP into anomalous structures are important for making PrP res aggregates and predominantly responsible for the formation and stabilization of PrP-nucleic acid aggregates resembling in vivo scrapie associated fibrils from infected hamster and Creutzfeldt-Jacob disease (CJD) brains (125) . (88) . In conclusion, all these results support the hypothesis that endogenous nucleic acids may affect the rate of prion propagation by inducing the formation and accumulation of PrP res aggregates during the pathological process of prion disease (11).
NNULEIC ACID-INDUCED AGGREGATION OF PRION PROTEINS
For TSEs, It has been demonstrated previously that the abnormal forms of PrP vary and are poorly defined structurally, but are most commonly aggregated and more protease-resistant (113). Cellular PrP is a neuronal membrane glycoprotein whose function has not been fully understood. They have been given various names that emphasize associations with disease (for example,
Nucleic acids might act as a catalyst for the nucleic acid-induced aggregation of PrPs for prion propagation (11). This model is consistent with both in vitro and

NUCLEIC ACID-INDUCED AGGREGATION OF ALPHA-SYNUCLEIN
Parkinson's disease is one of the most frequent neurodegenerative disorders affecting brain stem extrapyramidal neurons (for example, dopaminergic substantia nigra neurons) of middle-age individuals (126) . It is characterized by muscle rigidity, bradykinesia and resting tremor, which respond well to levodopa treatment. 
ii). Following the addition of PrP Sc oligomers (iii), an aggregate is formed and the nucleic acid is released from the complex (iv). It is then able to catalyze another conversion event (v). (c) Formation of the PrP
C -nucleic acid complex (i) would act as a scaffold for binding of PrP Sc to the protein part of the complex (ii), leading to conversion of the innocuous, nucleic acid-bound form into a scrapie-like conformation, giving rise into the net conversion of more PrP Sc (iii). The nucleic acid could be released from the complex, after PrP Sc formation (iii) being able to further convert PrP C into PrP Sc (iv), or could be irreversibly incorporated into the infectious aggregated particle (v). In the in vitro studies, the molar ratio between PrP and nucleic acid dictates the extent of aggregation, so that an apparently irreversible process in the direction of PrP aggregation predominates in a high PrP to nucleic acid ratio. It must be stressed that there are no experimental data to date that compare affinities of PrP C and PrP Sc towards the same nucleic acid. Therefore, the models are tentative. (Reproduced with permission from, ref 11) The pathological hallmarks of PD are the formation of filamentous inclusions (deposits) known as LBs (127) . alpha-Synuclein belongs to the family of "natively unfolded" proteins, exhibiting a random-coil secondary structure in aqueous solution (128) . Human alpha-synuclein is a 140 amino acid residue protein, and three distinct regions can be identified in its amino acid sequence. The N-terminal part (residues 1−60) is amphipathic, the central region (residues 61−95) is highly hydrophobic and the C-terminal region (residues 96−140) is very acidic (129, 130) . According to its structure, physical properties and interacting partners, several hypotheses have been proposed for the normal function of alpha-synuclein. The observation that alpha-synuclein can exist in three (possibly four) thermodynamic states, i.e., random coil, molten globule, or ordered form, supports the hypotheses that it plays an important role in molecular recognition (131) .
Increasing evidence implicates wild type (WT) alpha-synuclein, its disease-related mutants and some fragments of the WT protein form aggregates in vitro, supporting the hypothesis that alpha-synuclein-linked aggregates are implicated in the pathogenesis of PD (130, 132−134) . In general, the in vitro aggregates are similar to those isolated from disease-affected brains, and they exhibit typical amyloid-like fibrillar morphology (55, 132) . Obviously, the aggregation of alpha-synuclein was accompanied by changes in the secondary structures from an unfolded random coil to an antiparallel beta sheet (55, 132, 133, 135) . The aggregated states of alpha-synuclein exhibit a great morphological diversity, and the solution conditions appear important for the polymorphism of alpha-synuclein aggregates, presumably because of its the structural flexibility (136, 137) . Thus, the pronounced sensitivity of alpha-synuclein aggregation rate and morphology to solution conditions may have critical implications for the pathology of PD. Besides the alphasynuclein mutations and solution conditions, other reaction conditions such as pH and temperature can also influence the aggregation of alpha-synuclein. Moreover, it has been proposed that other host biological macromolecules, such as heparin and glycosaminoglycans (24), metal cations (136, 137) , pesticides (138) , anionic species including nucleic acid, fatty acids, and detergents (139) , and polyamines (for example, putrescine, spermine, spermidine) (140, 141) , can modulate the aggregation of alpha-synuclein, either as components or as cofactors in the interaction with alpha-synuclein.
Jovin et al. provided a line of evidence for the interaction of alpha-synuclein with nucleic acids, and proposed that DNA may act as a template and/or nucleation catalyst that facilitates assembly of alpha-synuclein into fibrils (10). They found that double-stranded DNAs, either linear or supercoiled, can interact with WT alphasynuclein, leading to a significant stimulation of alphasynuclein assembly into mature fibrils. Electron microscopy reveals that DNA forms various types of complexes upon association with the fibrils at their surface without distortion of the double-helical structure (Figure 3) , and the morphology of the DNA-induced fibrils are similar to the mature fibrils assembled from WT alpha-synuclein in the absence of DNA. The appearance of the structures shown in Figure 3D , in which long individual fibrils were associated side-by-side in a process mediated by the DNA, may be indicative of a preferential position of positive and negative charges on the fibril surface. The association of DNA with the fibrils is relatively strong, conferring upon the DNA a resistance to digestion by restriction endonucleases. According to these results, a plausible scenario is proposed for the DNA stimulatory effect. In solution, protein molecules, presented mainly as monomers, interact electrostatically with DNA phosphate groups. DNA interacts most likely with the positively charged lysine side-chains located primarily in the Nterminal part and the central region of the protein, whereas DNA interaction with the negatively charged C terminus is unlikely. The electrostatic interactions potentially (i) lead to the formation of nonsequence-specific complexes with DNA, and (ii) increase the local concentration of proteins. Both effects, acting in a concerted manner, dramatically increase the probability of dimer formation, the critical nucleation structure needed for fibril growth. In fact, it has been demonstrated previously that alpha-synuclein aggregation is compatible with a nucleation-polymerization model, characterized by an initial lag phase reflecting nucleation and a subsequent growth phase culminating in a steady state (142) . Therefore, a possible explanation suggested for nucleic acids is that both electrostatic interactions between alpha-synuclein and nucleic acid molecules and the resulted structural conversions of alphasynuclein can shorten the lag time and increase growth rate of nucleic acid-induced aggregation of alpha-synuclein. Furthermore, the observation of both interactions between alpha-synuclein and histones (143) and the result of DNAinduced alpha-synuclein aggregation (10) lead the researchers to propose that alpha-synuclein might interact with chromatin in the karyon and this interaction might influence the gene expression. In conclusion, these experimental evidences support the hypothesis that endogenous nucleic acids (also likely including other biological molecules) can induce the aggregation of alphasynuclein, and then arouse the occurrence of PD.
Currently, the significance of nucleic acidinduced alpha-synuclein aggregation is unclear. However, it is tempting to postulate that alpha-synuclein mutations are toxic simply by accelerating the aggregation of the protein into protofibrils, fibrils and, finally, their deposition in LBs. To sum up, the importance of aggregates for protein deposition diseases has been demonstrated clearly for misfolding diseases (144), therefore, the nucleic acidinduced aggregation of alpha-synuclein into fibrillar structures also may have critical implications for PD.
DNA-INDUCED AGGREGATION OF Cu/Zn SUPEROXIDE DISMUTASE
ALS (also known as Lou Gehrig's disease and motor neuron disease) is one of the most common adult neurodegenerative diseases with unknown causes. The hallmark of ALS is the selective gradual degeneration of motor neurons in the cortex, brainstem, and spinal cord (145). Although most cases are classed as sporadic ALS, 10% of cases are inherited (known as familial ALS) (146). Approximately one-fifth of familial ALS cases are associated with inherited mutations in SOD1, the gene that locates on chromosome 21 and encodes human SOD1 (146).
Currently, two hypotheses have been proposed to explain the toxicity of ALS mutant SOD1 proteins: the oxidative damage hypothesis and the aggregation hypothesis (147, 148) . The oxidative damage hypothesis proposes that ALS mutant SOD1 proteins catalyze reactions with hydrogen peroxide or peroxynitrite that damage cellular components critical for viability of the affected cells (149) . Notably, some experimental evidence has shown that oxidative damage to WT SOD1 proteins can lead to the formation of SOD1 proteincontaining abnormal aggregates (150, 151) . The oligomerization hypothesis proposes that the conformational changes in mutant SOD1 proteins induce the formation of proteinaceous aggregates. This hypothesis can be supported by the observations that proteinaceous fibrils or insoluble inclusions rich in mutant SOD1 protein, ubiquitin, and neurofilament proteins have been found in motor neurons, the neuropil and astrocytes from ALS patients and ALS-SOD1 transgenic mice (75, 152, 153) . According to the oligomerization hypothesis, the toxicity mechanism can be suggested as follows: (1) mutant SOD1 proteins are or become misfolded and consequently oligomerize into increasingly high molecular-weight species; (2) during this stage, mutant SOD1 aggregates can bind with other host biological macromolecules, such as other essential proteins, lipid, and nucleic acids; and (3) ultimately, these different biological molecules associate with each other and end up in large fibrils or insoluble inclusions. Moreover, it has been reported that unsaturated fatty acids induce cytotoxic aggregate formation of ALS-linked SOD1 mutants (154) . Therefore, the oligomerized or aggregated proteins might be, at some stage in their formation, selectively toxic to motor neurons (149).
Although whether or not the proteinaceous aggregates rich in SOD1 contain nucleic acids has not been reported so far in the in vivo assays, we have found that single-and double-stranded DNAs are a template for accelerating the aggregation of SOD1 in an in vitro test (13). Firstly, we have examined the aggregation behavior of SOD1 in the presence of DNA under acidic conditions that facilitate protein aggregation. Using the low pH conditions which could mimic the effect of mutations and reflect the practical process occurred under physiological conditions to a high extent and is common to study the aggregation of SOD1 and other proteins (12, 13), several forms of doublestranded DNA were tested to trigger SOD1 aggregation by light scattering, single-and double-fluorescence imaging with dyes, atomic force microscopy, and direct observations under visible light. The data reveal that DNA acts as a template for accelerating the formation of SOD1 aggregates and is incorporated into SOD1 aggregates (Figure 4) . The spherical and ellipsoidal SOD1 aggregates were characterized in both hydrated and dried states and have morphology similar to those identified in the diseased neurons. Light scattering experiments indicated that the aggregation first undergoes a rapid phase where the 13). There are three key steps for the possible pathways of DNA-induced SOD1 aggregation. First, SOD1 which is converted into an aggregation-prone form under the reaction conditions can bind with DNA via electrostatic interactions. Then, the SOD1 molecules can assemble along DNA double strands and result in the formation of small granular aggregates by hydrophobic interactions. Finally, the granular aggregates can selfcluster into a macroaggregate by hydrophobic interactions.
aggregates with average diameters of 40−80 nm rapidly form in < 2 min, and then passes through a slow phase where the average diameters of aggregates were increased to at least 200−260 nm in 2 h. All forms of DNAs tested can lead to the aggregation of SOD1 at nanomolar levels. The association of SOD1 with DNA, driven by electrostatic interactions between both, can restrict the orientation of SOD1 molecules and increase a SOD1 population along DNA strands. This facilitates the hydrophobic interactions between SOD1 molecules, as indicated by hydrophobic probe binding and chemical denaturant treatment experiments. Demonstration of the DNA accelerated aggregation of SOD1 might establish a possible role of DNA in the pathogenesis of some diseases because of the ubiquitous expression of SOD1 and the coexistence of SOD1 and DNA in the crowded molecular environment of a cell.
Then, in order to support the conclusion that DNA is a template for accelerating the in vitro aggregation of SOD1, we sought to explore the aggregation of WT SOD1 exposed to physiologically relevant environments containing ascorbate and DNA under neutral conditions (155) . The results showed that the oxidation of SOD1 is dependent on the presence of ascorbate regardless of the addition of DNA. The isoelectric point (pI) was increased by ~1 pH unit in the oxidized SOD1 proteins compared to that of the WT proteins. The effects of ascorbate and DNA doses demonstrated that the aggregation is determinated by both the degree of SOD1 oxidation and the presence of DNA. Moreover, we found a clear relationship between the oxidation, enrichment, increased hydrophobicity, and aggregation of SOD1 in the presence of DNA. The crucial step in aggregation is neutralization of the positive charges on some SOD1 surfaces by DNA binding. This study is crucial for understanding molecular forces driving the protein aggregation.
Furthermore, a morphological study on DNAinduced SOD1 aggregates, performed under both the acidic conditions and the neutral conditions similar to physiological state (156) , has indicated that the polymorphism of SOD1-DNA aggregates is well modulated by the concentrations, shapes, and structures of the double-stranded DNA templates tested. Electron microscopy imaging shows that the nanometer-and micrometer-scale aggregates formed by SOD1 and DNA fall into three classes: aggregate monomers, oligomeric aggregates, and macroaggregates. The aggregate monomers observed at given DNA doses exhibit a polymorphism that is markedly corresponded to the coiled shapes of linear DNA and structures of plasmid DNA ( Figure 5 ). This aggregation process is driven by both electrostatic interactions between SOD1 and DNA and SOD1 intermolecular hydrophobic interactions. During the process of DNA-induced aggregation of SOD1, the electrostatic and hydrophobic forces first drive the formation of a large number of aggregate monomers; then, the conversion of aggregate monomers through either a direct pathway or oligomeric aggregates into the macroaggregates occurs via the SOD1 hydrophobicity. In addition, we have found that the DNAs are simultaneously condensed into nanometer-and micrometer-scale particles with a specific morphology during SOD1 aggregation, revealing that the SOD1 aggregation and DNA condensation are two concurrent phenomena.
According to our studies mentioned above, a model is proposed to explain the possible pathways of SOD1 aggregation, as shown in Figure 5 . The formation of SOD1-DNA complexes with the poorly defined stoichiometry via the electrostatic forces leads to SOD1 enrichment around the DNA double strands. Obviously, this enrichment facilitates the intermolecular contacts and hydrophobic interactions of SOD1. The plausible scenario under neutral conditions also includes the oxidative damage of SOD1 and DNA in addition to these reaction steps.
In summary, the investigations on nucleic acidinduced SOD1 might be in favor of understanding the molecular forces driving SOD1 aggregation, and provide a plausible mechanism for the formation of SOD1-containing aggregates in ALS. Moreover, it also can support the hypothesis that this abnormal interaction with nucleic acids might be a gain of function of SOD1.
NUCLEIC ACID-INDUCED AGGREGATION OF OTHER PROTEINS
Alzheimer disease is the most studied and common neurodegenerative disorder (157) . More and more (156) . The key steps are common to the circular DNA templates. The natural SOD1 dimers (depicted as pairs of ellipsoids) are converted into an aggregation-prone form (depicted as pairs of polygons) owing to either low pH or the appearance of oxidants before or after binding to DNA. The SOD1 binds DNA in a nonspecific manner, but in a specific orientation via the electrostatic interactions between them. The binding leads to the tight arrangement of SOD1 around the DNA double strands and increase in its local concentration. Thereby, the hydrophobic interactions readily take place between the SOD1 molecules bound to the same DNA molecule. If the hydrophobic interactions are weak, the resulting aggregate monomers have a spherical or ellipsoidal shape with or without cavities. If the hydrophobic interactions are sufficient to overcome the tension within a DNA molecule, the resulting aggregate monomers are amorphous. The hydrophobic interactions between the SOD1 molecules bound to the neighboring DNA molecules drive the formation of SOD1 oligomeric aggregates. The SOD1 macroaggregates are assembled from the aggregate monomers or assembled via the oligomeric aggregates. This DNA-templated SOD1 aggregation driven by both electrostatic and hydrophobic interactions, indeed, is a SOD1-induced DNA condensation. Under neutral conditions containing ascorbate, the DNA-templated SOD1 aggregation also includes the oxidative cleavage of DNA in addition to these reaction steps. Therefore, three templates (supercoiled, nicked and linear DNA) exist simultaneously in the reactions containing ascorbate. compelling evidence firmly supports the conclusion that the deposition of aggregates of peptides or proteins in specific organs or tissues is a key event in the pathogenesis of AD (158) . Experimental data on various transgenic models of AD indicate that the abnormal deposition of two types of proteins, A-beta and the microtubule-associated protein tau, is the hallmark of brains afflicted with AD (159−161) . In the brains of individuals affected with AD, amyloid plaques and neurofibrillary tangles are both observed. Amyloid plaques appear to consist primarily of an aberrantly proteolyzed form of the amyloid precursor protein (APP, a larger type I transmembrane protein) and neurofibrillary tangles consist of paired helical filaments (PHF) that contain the tau protein as a major constituent. Thus, the formation of abnormal aggregates, composed of A-beta, tau, or both of them (maybe include other cellar biological macromolecules), is predominantly responsible for the pathology of AD (2, 162). A-beta is a peptide of 39-43 amino acid that is derived through sequential proteolysis by the aspartyl protease beta-secretase and presenilin-dependent gamma-secretase cleavage of APP (163), and is the most common peptides found in amyloid plaques in the brains of AD patients (164) . Microtubule-associated protein tau, a family of closely related phosphoproteins, promotes microtubule assembly and has been implicated in the development of axonal morphology. PHF is a kind of unit fibril of neurofibrillary tangles which are formed in the neurons affected with AD, and tau protein is the major component of PHF. These filaments are apparently composed of two intertwined strands of 10−20 nm diameter, giving a half-periodicity of about 75−80 nm.
According to previous studies, A-beta can exist as monomers, oligomers, fibrils, and insoluble aggregates. It has been reported that DNA could readily associate with the aggregated forms of the A-beta1-40 and A-beta25-35, giving rise to a shift in the electrophoretic mobility of DNA. DNA from different sources such as l phage, Escherichia coli plasmid, and human gene showed similar results. However, the electrophoretic mobility of RNA was shifted by the monomeric A-beta1-40 and A-beta25-35, as well as by the aggregated A-beta1-40 and A-beta25-35. The association of DNA with the aggregated A-beta could occur at pH 4-9. These results indicate that the DNA mobility shift assay is useful for kinetic study of A-beta aggregation as well as for testing of agents that might modulate A-beta aggregation (165) .
The various aggregation species of A-beta, which may possess different degrees of neurotoxicity, are predominantly responsible for A-beta aggregation in the pathogenesis of AD (166−168) . However, the exact mechanism of A-beta neurotoxicity is not clear. It has been demonstrated that the formation of A-beta aggregates can be influenced by polyanionic compounds such as Congo red, glycosaminoglycans, and proteoglycans (169−171) , and can associate with other host biological macromolecules such as lipid, ATP, and nucleic acids (16, 172−175) . It was previously observed that nucleic acids can bind A-beta fibrils with varying affinities, suggesting that nucleic acids can be used as diagnostic or therapeutic tools (104, 105) . In these studies, the potential utility of nucleic acids has been indicated as recognition agent of A-beta aggregates. For instance, specific high-affinity RNA aptamers can be used to target specifically to amyloid-like fibrils formed from A-beta40 and some other amyloid fibrils generated in vitro or isolated from ex vivo sources (104, 105) . Besides RNA aptamers, DNA has also been found to associate preferentially with the aggregated A-beta peptides to nonaggregated forms (165) . On the other hand, experimental evidence shows that the interactions between A-beta and DNA can induced DNA condensation in a timedependent manner, suggesting that A-beta may be folded in a predominantly beta-sheet secondary structure, which is promoted by the presence of DNA, and DNA can serve as a condensation nucleus which increases the propensity of Abeta to aggregate with DNA during incubation (174) . Therefore, the interactions of A-beta and nucleic acids might play a role in the pathogenesis of AD (6, 174−176).
It has been proposed that tau protein becomes abnormally phosphorylated and self-associates through the microtubule-binding domain to form PHF, and all six brain tau isoforms in an abnormally phosphorylated state promote PHF assembly in the pathogenesis of AD (177−179) . Other than abnormal phosphorylation-induced aggregation of tau protein into PHF (180) , some biomolecules, such as sulphated glycosaminoglycans (such as heparin or heparan sulfate) and nucleic acids, can also stimulate the aggregation of tau protein into AD-linked PHF (8, 23, 181). As a factor in the cytoplasm, the various RNA species have been proposed to be responsible for inducing tau protein aggregation on the base of the experimental evidence that the aggregation of recombinant tau protein into AD-linked PHF can be strongly enhanced by RNA in vitro, likely because the interactions between tau protein and RNA can overcome its aggregation barrier (8). Consequently, the nucleic acid-induced aggregation of tau protein might also play a role in the development of neurofibrillary pathology in AD.
RepA, the replication initiator protein of Pseudomonas pPS10 plasmid, is made of two winged-helix (WH) domains (182) . RepA dimers undergo a structural transformation upon binding to origin DNA sequences (iterons), resulting in monomerization and alpha-helix into beta-strand conversion. It has been shown that the interaction of short double-stranded DNA oligonucleotides, including iteron or operator RepA targets, with the isolated WH1 domain promotes the assembly of different nanostructures (183) . These range from irregular aggregates to amyloid spheroids and fibers. Their intrinsic order inversely correlates with the extent of the transformation induced by each DNA sequence on RepA. However, DNA is not a constituent of the assembled fibers, in agreement with the protein-only principle for amyloid structure. Thus, the RepA-WH1 domain on DNA binding mimics the behavior of the mammalian prion protein. RepA amyloid assemblies could have a role in the negative regulation of plasmid replication. This result underlines the potential of specific nucleic acid sequences in promoting protein amyloidogenesis at nearly physiological conditions.
BIOLOGICAL AND PATHOLOGICAL RELEVANCES
The interaction of nucleic acids with disease proteins and their aggregates appears, from the evidence described above, to be a general phenomenon, rather than just a feature of a number of disease proteins. This phenomenon is extremely likely to contribute significantly to the promotion of amyloid fibril formation in vivo and to the stabilization of the resulting aggregates, leading to alterations of cellular functions. In the light of the discussions above concerning nucleic acid-induced aggregation of proteins, on the one hand, interactions with nucleic acids can strengthen the intermolecular hydrophobic contacts of unfolding proteins, resulting in the significant acceleration of protein aggregation. On the other hand, the aggregation of misfolding proteins in vivo might be expected to increase dramatically the strength of the electrostatic interactions of the protein molecules with free anions and, to an even greater extent, with nucleic acid anions. Such an effect could have major consequences for a cellular function, e.g., easy sequestration of nucleic acid molecules into protein aggregates.
Nucleic acids are relatively abundant biological polyanions that bind to positively charged misfolding protein or aggregates and thus be compromised in their functions. Under normal conditions, cellular polyanions such as nucleic acids are usually found complexes with other specific species of opposite net charge (e.g., histones, Mg 2+ and Na + ). Therefore, first, most notably, because DNA is the source of genetic information and a potential target of misfolded protein-induced cytotoxicity, the aggregation with DNA could have profound effects on viability and genetic stability, likely leading to destruction of DNA expression. Then, the formation of large aggregates bearing a high net charge could shift the association of at least some polyanions from their physiological target to these misfolded species, causing cellular dysfunction and generating more aggregates. An extremely interesting case is that coprecipitation with polyglutamine aggregates has been found to cause a depletion of essential proteins and hence to impair cellular functions (184) . Furthermore, a high net charge could allow aggregates to interact more effectively with the phospholipids of the plasma membrane, resulting in disruption of phospholipid metabolism (185) . Finally, an interesting implication in the studies on nucleic acidinduced protein aggregation is that the formation of DNAaccelerated proteinaceous deposits might promote depletion of essential proteins for normal cellular functions.
Since the polymorphism of aggregates generated from some including SOD1 can be manipulated by DNA, which might provide the reasonable basis of effective approaches for avoiding formation of the morphology-specific and toxic protein aggregates. A large number of compounds seem to act by altering the course of aggregation, rather than by blocking it. Usually, some compounds stimulate very rapid formation of alternative aggregates that seems to be typical spherical oligomers or protofibrils and then stabilize the aggregated products against further morphology changes (186). Increasing evidence has indicated that certain morphologies of protein aggregates are more toxic than others (187, 188) . Therefore, if the nucleic acid-accelerated aggregation of proteins in solution can be borne out by further in vivo tests, there are significant therapeutic implications. Recently, since there is clear evidence to support the conclusion that the inclusions may be protective and that earlier aggregation oligomers may be more toxic than larger inclusions (189) , the formation of DNA-accelerated protein inclusions would be become a potential pathway to avoid the accumulation of toxic protein oligomers.
CONCLUSIONS
In conclusion, the observations summarized above indicate that the nucleic acids tested so far can induce the aggrgation of disease proteins in vitro. This induced aggregation of proteins, in vitro and likely in vivo, may be drived by the electrostatic interactions with nucleic acid anions. The modulation of protein aggregation by nonproteinaceous components such as nucleic acids could be one of the many factors that are responsible for the late onset of diseases related to protein misfolding. Nucleic acid-induced aggregation of proteins may have implications for the design of future studies of the molecular mechanisms leading to the formation of these pathological aggregates and their role in the onset and progression of human neurodegenerative diseases. Moreover, understanding the molecular basis for the interactions between endogenous nucleic acids and misfolded neuronal proteins may open up new therapeutic avenues for the treatment of a broad range of neurodegenerative diseases. In addition, although whether or not the cytotoxic effect of amyloid aggregates results from their interactions with biological polyanions including nucleic acids, and whether or not the resulted fibrillar amyloid structures might have a role in the origin of life remain to be further investigated, the progress presented here emphasize that such interactions can be highly significant in modulating the functions of living systems. 
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